Salmonella prophages. We show that transcriptomic data can be used to heuristically 23 enrich for prophage features that are highly expressed within bacterial cells and often 24 represent functionally-important accessory loci. Using this approach we identify a novel 25 anti-sense RNA species in prophage BTP1, STnc6030, which mediates superinfection 26 exclusion of phage BTP1 and immunity to closely-related phages. Bacterial 27 transcriptomic datasets are a powerful tool to explore the molecular biology of 28 temperate phages. Temperate bacteriophages can incorporate their chromosomes into the genome of host 32 bacteria (lysogeny), and persist as vertically replicated genomic elements known as 33 prophages. The majority of the temperate phage genome encodes proteins dedicated to 34 virion production and host cell lysis, functions that are toxic to bacterial cells. To exist 35 stably as passive genomic elements, the expression of the majority of prophage genes 36 must be repressed at the transcriptional level. Only those functions necessary to 37 maintain and favour lysogeny are expressed. The molecular mechanisms governing 38 prophage gene regulation are best understood in the archetypical Escherichia coli 39 phage lambda, in which the synthesis of a single protein, the CI repressor, is sufficient 40 to maintain the lysogenic state of the prophage (Ptashne, 2004) . Molecular studies 41 investigating the gene expression of phage lambda lysogens showed that four 42 additional lambda genes are expressed from the integrated prophage genome during 43 lysogenic growth: the rexAB operon, encoding a superinfection immunity system; and Table 2 , and bacterial strains, phages and plasmids are given in Supplementary Table   107 3. The plasmid to overexpress the STnc6030 asRNA (pP L -STnc6030) was constructed 108 using the overlap-extension PCR cloning method previously described (Bryksin and 109 Matsumura, 2010). extension PCR cloning was subsequently used to insert a sequence of interest into the 126 pP L -Gm plasmid downstream of the P LlacO-1 constitutive promoter. The same procedure 127 previously described was followed, except that the chimeric primers used to amplify the 128 insert were NW_295 and NW_296, and D23580 genomic DNA was used as a template. 129 These primers targeted the region of the pP L -Gm plasmid between the P LlacO-1 promoter 130 and the rrnB transcriptional terminator. To confirm that the plasmid carried the correct 131 construction after transformation, primers external to the insertion site were used to 132 Sanger sequence the inserted fragment (GATC). To isolate RNA, pellets were resuspended in 1 ml of TRIzol TM Reagent (Invitrogen). 143 Four hundred μ L of chloroform were added and the samples were immediately and 144 thoroughly mixed by inversion. Samples were moved to a Phase-lock tube (5 Prime) 145 7 and the aqueous and organic phases were separated by centrifugation at 13,000 rpm 146 for 15 minutes at room temperature in a table top centrifuge. The aqueous phase was 147 transferred into a new 1.5 ml tube and the RNA was precipitated using isopropanol for 148 30 minutes at room temperature, followed by centrifugation at 21,000 x g for 30 minutes 149 at room temperature. The RNA pellet was rinsed with 70% ethanol followed by 150 centrifugation at 21,000 x g rpm for 10 minutes at room temperature. The RNA pellet 151 was air-dried for 15 minutes and resuspended in DEPC-treated water at 65°C with 152 shaking at 900 rpm on a Thriller thermoshaker (Peqlab) for 5 minutes with occasional 153 vortexing. RNA was kept on ice whenever possible and was stored at -80°C. RNA 154 concentration was measured using a nanodrop ND-1000 spectrophotometer, and RNA 155 quality was inspected visually using a 2100 Bioanalyser (Agilent). Figure 2 ). The most obvious difference between the expression patterns is that the 326 Gifsy-2 ncRNA IsrB-1 appeared to be expressed in strain 4/74 but not in D23580. 327 However, previous investigation showed that IsrB-1 is duplicated in the D23850 genome Figure 4) . However, the expression patterns of orthologous 391 genes shared by the two prophages were similar across the conditions. Table 4 ). The highly expressed prophage genes were assigned to one 440 of the following functional categories based on annotation: unknown function, accessory 441 gene, regulatory gene, integrase, transposase or structural gene ( Figure 6B ). Of the 278 442 genes annotated in the five prophages, 40 genes (14%) ( Figure 6C ) met our criteria of 443 being highly expressed during lysogeny. As expected, a large number of the highly 444 expressed category represented known accessory genes (11 genes), such as genes 445 encoding type three secretion system (T3SS) effectors, or regulators (11 genes) 446 including repressors. Among the other highly expressed genes were genes encoding 447 two prophage integrases, one transposase, and one prophage structural protein. 448 However, the largest category of highly expressed genes were of unknown function (14 449 genes) (Hinton, 1997). We conclude that the transcriptional signatures are consistent 450 with these 14 genes being novel prophage accessory genes or regulatory genes. We 451 note that this 'guilt by association' approach has previously been successfully used to Finally, we identified the STMMW_26411 locus ( Figure 7C ) of prophage Gifsy-1 D23580 as 481 likely to be a novel prophage accessory gene. Unlike bstA and STMMW_20121, 482 STMMW_26411 showed highly condition-specific transcription, associated with 483 anaerobic conditions. The environmental specificity of STMMW_26411 transcription 484 leads us to speculate that the gene is more likely to be a novel accessory gene than 485 function as a prophage regulatory gene, particularly given the lack of corresponding lytic 486 gene transcription in the Gifsy-1 D23580 prophage under anaerobic conditions. This represents a different RNA-seq condition ( Supplementary Table 1 ), and upper panel
